Spin wave mediated vortex core reversal has been investigated by time-resolved scanning transmission X-ray microscopy (STXM). Movies showing the development of the spin wave and vortex core magnetization dynamics during unidirectional vortex core reversal could be taken in Permalloy discs, 1.6 µm in diameter and 50 nm-thick, during excitation with rotating ac field bursts of one period duration at 4.5 GHz and with amplitudes up to 4 mT . Unidirectional switching is achieved by taking advantage of an asymmetry for CW or CCW excitation caused by the gyrofield. The differences in the magnetization dynamics due to this asymmetry could be imaged during continuous excitation with multi-GHz rotating fields. All our experimental results are in good agreement with micromagnetic simulations.
Spin wave mediated vortex core reversal has been investigated by time-resolved scanning transmission X-ray microscopy (STXM). Movies showing the development of the spin wave and vortex core magnetization dynamics during unidirectional vortex core reversal could be taken in Permalloy discs, 1.6 µm in diameter and 50 nm-thick, during excitation with rotating ac field bursts of one period duration at 4.5 GHz and with amplitudes up to 4 mT . Unidirectional switching is achieved by taking advantage of an asymmetry for CW or CCW excitation caused by the gyrofield. The differences in the magnetization dynamics due to this asymmetry could be imaged during continuous excitation with multi-GHz rotating fields. All our experimental results are in good agreement with micromagnetic simulations.
In addition, for the sample geometry given above, simulations reveal a lower limit of about 200 ps for the time of unidirectional vortex core switching, which cannot be overcome by shortening the excitation length or by increasing the excitation amplitude. We explain this limitation by the finite time needed for an energy transfer of the global excitation towards the center of the sample. Thus smaller samples will allow for much shorter vortex core reversal times.
As fundamental spin structure of micron to nano-sized magnetic platelets the magnetic vortex [1] [2] [3] with an inplane curling magnetization and a perpendicularly magnetized core has gained considerable attraction in the last years. Essential progress in the understanding of the nonlinear vortex dynamics was achieved by the experimental finding [4] , that the vortex core, with its polarization pointing up (p = +1) or down (p = −1) can be reversed with low power by applying short bursts of alternating magnetic fields at 1.5 mT . In contrast to linear excitation which toggles the vortex core from its up to its down position and vice versa, unidirectional switching could be proofed experimentally by rotating magnetic fields [5] [6] [7] [8] [9] [10] and rotating currents [11] . This low power and selective vortex core reversal [5] may open up the possibility of using the magnetic vortex core as memory bit [10, 12, 13] and for further spintronic applications. So far, low-field selective vortex core reversal by gyrotropic mode excitation with frequencies in the sub-GHz regime was limited to more than 1 ns. Beside this lowest excitation mode vortex structures possess azimuthal spin wave modes at high (multi-GHz) frequencies [14] [15] [16] [17] [18] , which are labeled in polar coordinates by a radial mode number n and an azimuthal mode number m with (n > 0, m > 0):
The sign of m denotes the rotation sense of the azimuthal wave (CCW for m > 0, CW for m < 0). The symmetry in the frequency splitting of the azimuthal mode can be written as ω n,m,−p = ω n,−m,p .
The interaction between the spin waves and the vortex core splits the frequency for CW and CCW rotating modes by lifting the degeneracy of the azimuthal modes with opposite rotation sense [18] [19] [20] [21] [22] [23] [24] [25] . The possibility that spin waves can reverse the vortex core has been predicted by analytical calculations and micromagnetic simulations [7, 9, [26] [27] [28] . The first experimental observation of spin wave mediated vortex core reversal was published recently by applying bursts of relatively long rotating magnetic fields with a duration of 24 periods [29] . Experimental phase diagrams (i.e. excitation amplitude vs. frequency) have been shown which differ significantly for CW and CCW rotating spin waves, in good agreement with micromagnetic simulations which reveal significant differences in the magnetization dynamics for CW or CCW rotating spin wave modes in the vicinity of the vortex core. This allows unidirectional switching of the vortex core. It could be demonstrated [29] that this asymmetry in switching the vortex core to its up or down polarisation is caused by the gyrofield which have been introduced in [18, 30] In the present paper we report on experiments and micromagnetic simulations in order to speed up vortex core reversal by applying much shorter rotating GHz magnetic field bursts of about one period duration only (corresponding to, e.g., 222 ps excitation time at 4.5 GHz). In that way unidirectional vortex core reversal (i.e., selective switching only for vortex core up or vortex core down respectively) could be achieved with switching times down to almost 200 ps. However, we will demonstrate by micromagnetic simulations that -depending on the sample geometry -a lower limit exists for the switching time of spin wave mediated unidirectional and single vortex core reversal.
Our experiments have been carried out at the MAXY-MUS scanning transmission X-ray microscope at BESSY II, Berlin, [31] . Time-resolved imaging is achieved by a stroboscopic pump-and-probe technique where the samples are excited periodically, synchronized to the electron bunches of the storage ring [32] . Time-resolved imaging is done by varying the time delay between the excitation (pump) and the imaging X-ray flashes (probe). In order to improve the signal to noise ratio of time-resolved measurements significantly by getting rid of low frequency fluctuations, a complete time scan is done at each pixel before moving to the next one. The MAXYMUS scanning X-ray microscope combines a lateral resolution of typically 25 nm, given by the Fresnel zone plate used, with a temporal resolution of about 35 ps, determined by the inherent time structure of the BESSY II storage ring in multi-bunch operation.
The sample stack, prepared on a 100 nm thick Si 3 N 4 membrane consists of a 170 nm thick cross-like copper stripline, suitable for linear and rotating magnetic field generation. CCW and CW rotation senses were achieved by superposing x and y magnetic field components with a phase shift of ±90 degree. The previous experimental setup and stripline design [6] had to be modified significantly for much higher frequencies up to 12 GHz. On top of the copper stripline a Permalloy disc with a diameter of 1.6 µm and a thickness of 50 nm were prepared by electron beam lithography and lift-off patterning.
We explored the switching behavior of the vortex core by applying short magnetic field bursts, each with a one-period duration and at an excitation frequency of 4.5 GHz as sketched in Fig. 1 , row B. For selective unidi- rectional switching of the vortex core polarity from down to up a burst with a CW sense of rotation has to be applied, followed by a burst with CCW sense of rotation which switches the vortex core polarity from up to down again. In that way time-resolved stroboscopic imaging was done in time steps as low as 12 ps. Fig. 1 (A) shows selected time frames in intervals of 58 ps displaying the out-of-plane magnetization of the spin waves during the CW excitation. The resulting vortex core up is again reversed, now by applying a magnetic field burst with CCW sense of rotation and the corresponding snapshots are shown in row C of Fig. 1 .
The clear contrast in all stroboscopic images shown in Fig. 1 proves that for the parameter set used in our experiment (i.e., one-period burst at 4.5 GHz with an excitation field amplitude of 4 mT ) an unidirectional (selective) switching is achieved, to vortex core up by a CW and to vortex core down by a CCW burst excitationas otherwise the contrast of the vortex core polarity between each burst would be lost as a superposition of both states would occur. Later in this paper it will be shown, that this experimental finding is also in good agreement with micromagnetic simulations predicting unidirectional switching for the chosen excitation parameters (cf. Fig. 3 , B left).
Experimental details on the developments of vortex magnetization of the vortex structure with vortex core up in the time region between 20 ps and 70 ps after CCW excitation has started are shown in Fig. 1 D which can be compared with corresponding micromagnetic simulations in Fig. 1 E. Magnetization profiles taken from the last time frames, 70.2 ps after start of excitation, are printed in the last grey-shaded columns for both, the experimental and the simulated data. Both profiles are very similar and show, from left to right: (i) the magnetization of the positive part of the spin wave, (ii) the negative magnetization of the dip (i.e., the first stage of the developing vortex-antivortex pair which causes the reversal of the vortex core [29] ), (iii) the positive magnetization of the original vortex core, and (iv) the magnetization of the negative part of the spin wave. It should be noted that this configuration is found for vortex core switching by CCW (CW) rotating azimuthal spin waves and vortex core up (down), whereas for the two other configurations (i.e, CW for vortex core up and CCW for vortex core down) a different, more simple configuration is observed. This asymmetry was already observed by simulations in ( [29] , Fig. 4 ) and is caused by the gyrotropic field ( [29] , Fig. 5 ). More experimental evidence on this phenomenon will be given in the next paragraph.
In order to study in more detail the asymmetry in switching the vortex core by azimuthal spin waves of opposite sense of rotation we excited the system by con- tinuously rotating fields with a frequency of 5.0 GHz for the CW rotating spin wave mode (n = 1, m = −1) and 5.5 GHz for the CCW rotating mode (n = 1, m = +1). The excitation amplitudes, 0.3 mT for CW excitation and 0.9 mT for CCW excitation, have been chosen just below the critical experimental value for core reversal at these specific frequencies [29] . In contrast to the previous experiment (Fig. 1) where the magnetization configuration to be investigated could be observed only in a very short time frame before vortex core reversal, the continuous excitation just below the switching threshold level allows us to improve statistical accuracy significantly by measuring this magnetization configuration in a stationary state over a much longer time. For both, CW and CCW excitation, snapshots of the rotating magnetization have been taken at 25 different phases of the rotation. These snapshots have been corrected in their rotation phase before averaging. The results are plotted in Fig. 2 A (left CW (m = −1), right CCW (m = +1)) and compared with the corresponding micromagnetic simulations, folded with the experimental resolutions (Fig. 2 B) . In the case of CW excitation (left column), both, experiment and simulation reveal, that the vortex core (black circle) as well as the negatively polarized dip (white circle) is hidden behind the dipolar spin wave structure due to the limited lateral resolution. However, for CCW excitation, the vortex core (black circle) and the dip (white circle) exhibit a clear contrast due to their opposite polarization with respect to the spin wave profile. This agrees well with the snapshots and profiles in Fig. 1 (row C for experiments, row D for simulations). This asymmetry, which has already been described by simulations before ( [25, 29] ), could now be imaged for the first time by an experiment. It is this asymmetry which causes the differences in the phase diagrams ( Fig. 3 and 5) for CW or CCW rotating spin waves and therefore allows unidirectional vortex core switching with very short broad-band bursts as described in the following paragraph. We have performed micromagnetic simulations for a Permalloy disc according to the measured sample size (diameter: 1.6 µm, thickness: 50 nm) in order to explore vortex core switching for a single-period excitation as a function of excitation frequency and field amplitude. The initial state of the vortex core was up (p = +1) in each of the simulations. The resulting phase diagrams are shown in Fig. 3 . The left column denotes CW, the right column CCW excitation. (For starting with vortex core down (p = −1) just interchange CW and CCW.) In the upper row (A) the number of switches during and after one burst is given as a function of excitation frequency and amplitude [34] .
For reliable technological applications only the areas of single vortex core switching are relevant, which are marked red. Unidirectional switching is achieved at those frequencies and amplitudes, where the vortex core can be reversed with one sense of rotation only. Both conditions, unidirectional as well as single vortex core switching, are fulfilled for CCW excitation (cf. the upper right phase diagram in Fig. 3 ) in a wide area below the black line. Thus excitation frequencies from 4.5 to 9.5 GHz and excitation amplitudes between 4 and 7 mT (depending on the excitation frequency) can be applied for unidirectional and single vortex core reversal with one period of the excitation frequency.
The next important information, which is derived from our simulations are the switching times which are shown in Fig. 3 B. In the area of unidirectional and single vortex core reversal, switching times as low as 200 ps are obtained. In our experiment shown in Fig. 1 we obtained unidirectional vortex core reversal by a one-period excitation at 4.5 GHz (corresponding to an excitation time of 220 ps) at an amplitude of 4.5 mT . At the corresponding point in the phase diagram of our simulations (marked 'experiment' in Fig. 3 , B right) a small window for unidirectional, single vortex core reversal around 4.5 mT is found, which is in sufficient agreement with our experiment. According to the simulations, the switching time would be around 300 ps, which corresponds to the sixth frame in Fig. 1 A and 1 C. Unfortunately, the ongoing rotation of the spin waves prevents us to derive a precise vortex core reversal time from the experimental data.
An important finding is, that the time needed for vortex core reversal exceeds the excitation time. In other words, a delay has been discovered between the end of excitation and the actual vortex core reversal event. To give an example: One period at 8 GHz corresponds to a 125 ps excitation time, but at 5.5 mT excitation amplitude vortex core reversal takes longer than 300 ps (marked blue in Fig. 3, lower right diagram) . Also in some other areas the switching time exceeds the excitation times by up to several 100 ps. Two more examples which are marked at 5.7 GHz by the red circles in the right diagram of Fig. 3 B will be treated in more detail in Fig. 4 A and B .
The delayed vortex core reversal is further investigated by more detailed analysis of micromagnetic simulations shown in Fig. 4 . The same vortex structure as treated before was excited by a rotatiting one-period field at 5.7 GHz, but at two different amplitudes, 4 mT in the upper (A) and 5 mT in the lower (B) image. The green and blue curve denotes the excitation fields in x and y direction (left scale), the red curve, corresponding to the left scale, shows the maximum temporal derivative of the magnetization. It was found, that the latter is a perfect indicator for vortex core reversal as it exhibits a sharp peak exactly when the original vortex core is annihilated.
At the same excitation time of (5.7 GHz) −1 = 175 ps the vortex core reversal time significantly decreased from 342 (Fig. 4 A) to 210 ps (Fig. 4 B) when the excitation amplitude is increased from 4 to 5 mT . However, a further increase of the amplitude results in multiple switching, where selectivity cannot be assured anymore. Following the phase diagram (Fig. 3 B, right plot) , the single switching time for this sample geometry at a one-period excitation is limited to about 200 ps at all excitation frequencies simulated (4.5 to 10 GHz).
In a next step we have investigated by micromagnetic simulations if the above limit in vortex core reversal time might be overcome by a shorter excitation time. For that purpose we excited the same sample with a reduced excitation time of half a period (c.f. Fig. 5 ). Comparison with a one-period excitation (Fig. 3) shows that also for half a periode excitation single switching can only be achieved with CCW excitation. compared to the one-period excitation, a higher switching threshold is observed in Fig. 5 A, increased by about a factor of √ 2 since an approximately constant energy for switching is assumed which scales (in a linear approximation) with B 2 · t. The most important finding is that for half a period excitation the switching time for single switching is again found to be in the order of 200 − 300 ps. We would like to suggest an explanation for the limitation of the vortex core switching time discovered in our simulations. This explanation is based on a finite time for the energy transport (with spin wave velocities) from the outer area of the sample to a location near to the vortex core. Roughly speaking, the radially homogeneous excited spin wave amplitudes are concentrated in the center due to the concentric shape of the disc geometry. This is supported by additional micromagnetic simulations on the development of the normalized magnetization m z in z direction as a function of time as sketched in Fig. 6 . The excitation parameters are the same as for Fig. 4 A (excitation amplitude: 4 mT ). At three distinct time steps (please compare with the time scale in Fig. 4 A) one dimensional profiles are plotted of the magnetization at the symmetry axis of the spin wave. In the left plots in Fig. 6 the blue line denotes the radially homogeneous out-of-plane magnetization attributed to a precessional motion at the beginning of the excitation (22 ps after the excitation has started) The inlay shows the same magnetization, by with a field scale enhanced by a factor of three. In the mid plots of Cuts through the simulated evolution of the magnetization in z direction are plotted for three time steps during the same burst excitation as applied for the top graph in Fig. 4 (one-period excitation at 5.7 GHz, field amplitude: 4 mT ). The insets to the bottom left show an extension of the z-axis for the inner region of interest. Left (22 ps after excitation has started): a radially homogeneous precession is uniformly excited. Middle (182 ps after excitation has started and shortly after excitation has stopped (cf. Fig.4 ): A concentration of the magnetization amplitude towards the centre of the disc is observed. Right (342 ps after excitation has started and 167 ps after excitation has stopped): The enhanced concentration of the magnetization in the centre leads to the formation of the negative dip, followed by the formation of a vortex-antivortex pair and vortex core reversal. For comparison, the magnetization of the excited spin wave eigenmode is also shown by the black line in this graph. magnetization amplitude is already more concentrated to the middle of the sample as shown by the green profile. And finally in the right plots at 342 ps, the concentration of the magnetization near the vortex core (red line) is high enough to form the vortex-antivortex-pair causing the vortex core reversal 163 ps after excitation has ended. For comparison, the black line denotes the magnetization of the CCW rotating spin wave mode (n = 1, m = −1) with an eigenfrequency of about 6.15 GHz. Acording to a rough estimation, the velocity of the energy transport to the center is approximately in the order of 1000 m/s and thus matches with the typical velocities of magnetostatic spin waves.
Our simulations show that transport of the global energy towards the center of the vortex structure has to be considered for vortex core switching. In our sample (1.6 µm in diameter, 50 nm thick) the energy transport limits the switching time for singular vortex core reversal to about 200 ps, even for shorter excitation bursts. However, as energy transport time (for a rough estimation) is in first order proportional to the sample size, our model implies that much shorter vortex core reversal times can be obtained at smaller samples.
To conclude, we have experimentally imaged spin wave mediated unidirectional vortex core reversal by timeresolved X-ray microscopy. The vortex core in a Permalloy disc, 1.6 µm in diameter and 50 nm thick, could be switched experimentally by a one-period (222 ps) rotating ac magnetic field burst at 4.5 GHz. Unidirectional switching to up or down could be achieved by adjusting the sense of rotation of the ac field burst, in good agreement with the phase diagrams obtained by micromagnetic simulations. Simulations also show that this unidirectional (selective) vortex core reversal is possible due to significant differences for CW or CCW rotating azimuthal spin waves, based on the interaction of the gyrofield [30, 33] with the spin wave [29] . These differences in vortex magnetization dynamics during excitation of CW or CCW rotation spin waves could now be imaged in an experiments by time-resolved scanning transmission X-ray microscopy.
Significant delays between the end of the excitation and vortex core reversal time of up to several 100 ps have been found by micromagnetic simulations, depending on excitation frequency and amplitudes. This delay time can be reduced by increasing the excitation amplitude which is, on the other hand, limited due to multiple switching. As a consequence a lower limit for unidirectional vortex core reversal is observed (about 200 ps for a sample geometry of 1.6 µm in diameter and a thickness of 50 nm). This phenomenon is explained by the time needed for the energy transport of the global excitation towards the center.
